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Abstract

Steam injection is the most widely used thermal recovery technique for unfractured
reservoirs containing heavy oil. There have been numerous studies on theoretical and
experimental aspects of steam injection for such systems.

Fractured reservoirs contain a large fraction of the world supply of oil, and field
tests indicate that steam injection is feasible for such reservoirs. Unfortunately there
has been little laboratory work done on steam injection in such systems. The ex-
perimental system in this work was designed to understand the mechanisms involved
in the transfer of fluids and heat between matrix rocks and fractures under steam
injection.

Fine grid simulations, where both the fracture and the matrix systems were rep-
resented by grids, were used to study the effects of certain flow parameters. Among
the fluid flow properties investigated, water-oil capillary pressure of the matrix and
gas-oil capillary pressure of the fracture were found to have the strongest effect on oil
recovery. Matrix gas-oil capillary pressure and fracture water-oil capillary pressure
had little effect. Matrix and fracture relative permeabilities also had little effect on
recovery.

Experimental design involved the use of both simulations and analytical heat
transfer models. Steady state and transient heat transfer models were used to cal-
culate heat losses to determine insulation thickness. Simulations were also used to
determine thermocouple locations, maximum expected pressure in the system and

injection rates.
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Two phase, continuous steam drive experiments were performed on systems con-
taining water, at differing rates, injection temperatures and back pressures. Satu-
ration distributions, temperature distributions and heat fluxes were measured. The
saturations were measured in-situ, both in the fractures and the consolidated rock
matrix, by a CT scanner. The results indicated that steam does not enter the matrix,
and prefers to flow in the fracture. The matrix is heated by conduction. Cyclic steam
injection experiments showed the same results; steam saturation did not develop in
the matrix.

Numerical simulations were used to model both continuous and cyclic steam in-
jection experiments. To model experimental heat losses, heat loss models in the
simulator had to be adjusted, based on analytical models. The results from the solu-
tion using a variable temperature inner boundary condition, and a convective outer
boundary condition, showed good agreement with the experiments and heat transfer
coefficients were incorporated into the simulator. After this adjustment, the results
from the simulations agreed well with the experiments. Complete matches were made
to the heat losses, temperatures and saturations.

Same numerical simulator was used to simulate a case with no external heat losses
from the fracture-matrix system. This mimics the process in the field. No steam
saturation developed in the matrix. However, when pressure cycling was simulated
with no heat losses, matrix steam saturation did develop. This justifies the application
of cyclic steam injection in fractured reservoirs, and pinpoints the need to modify any
future laboratory work to minimize heat losses from the fractures.

Finally, simulation runs were performed for the laboratory system with oil present.
The results were similar to the steam-water experiments. Steam only flowed in the
fracture. Oil recovery was found to be mainly due to water imbibition, and conduc-
tion was the dominant heat transfer mechanism. When cyclic steam injection was
simulated with no external heat losses, steam saturation did develop in the matrix;
however, the oil recovery was similar to the case with no cycling, showing that water

imbibition was the dominant recovery mechanism.
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Chapter 1
Introduction

Fractured reservoirs are estimated to contain 25-30% of the world supply of oil. Many
of these reservoirs contain heavy oil or tar that can only be recovered by a thermal
recovery technique. For viscous crudes and tars, steam is by far the most widely used
and the most successful technique. Field test results indicate that steam injection
has good potential for fractured reservoirs. Fractures can also be created artificially
during steam injection into reservoirs containing viscous crudes and tars. Physical
processes taking place during steam injection should be understood thoroughly, and
reliable models should be developed, for effective and economic recovery of oil from
fractured systems.

Most of the theoretical and experimental work done on fractured reservoirs has
been on isothermal processes. The numerical models developed for thermal processes
are generally extensions of models for isothermal processes. The developed models
have generally not been validated against experimental data. The limited experi-
mental studies lack detailed measurements, especially temperature and saturation
distributions in the fracture and matrix.

This work aims at understanding the physical processes in fractured systems by
providing good experimental data.

Chapter 2 summarizes the previous work related to different aspects of steam
injection in fractured systems, including field cases, theoretical and numerical studies,

and experimental work. Previous CT applications on core characterization and flow
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experiments are also reviewed.

Chapter 3, discusses fine grid simulations used to study the sensitivities of some
flow parameters. These include capillary pressures in the matrix and fracture, and
relative permeabilities.

Chapter 4 discusses fine grid simulations used to design the experimental model,
and to determine some operating parameters such as injection rate and pressure. Ex-
pected heat losses from the model are determined by analytical heat transfer models,
to help determine the necessary insulation thickness.

The experimental apparatus is described in Chapter 5. It gives details of the core
holder, and fluid injection and production systems. It also describes the temperature,
heat flux and pressure measurement system, together with data acquisition.

Chapter 6 discusses the measurement of certain core properties such as porosity
and permeability using various methods. The procedure to measure porosity by CT
scanner measurements is also described in this chapter.

The procedures used in the experiments are given in Chapter 7. The results are
described for runs at different operating conditions, varying steam injection rate,
injection temperature and back pressure. Techniques followed to process the CT
images and reduce artifacts are also given in this chapter.

Chapter 8 gives a detailed analysis of experimental results. The analysis involves
both analytical and numerical models. Different heat loss models in the simulator are
reviewed. Analytical models, together with the simulations, helped in modeling heat
losses. We also present history matches of saturations, temperatures and heat losses.

Cyclic steam injection in fractured systems is discussed in Chapter 9. We show
both experimental and simulation results compared with the results from a case with
no heat losses.

The analysis is extended to a system with oil present in Chapter 10. The calibrated
simulator is used to investigate the physical mechanisms taking place during steam
injection with oil present. The simulations are done for both conventional steam drive
and cyclic steam injection.

The final chapter of the dissertation is Chapter 11, which gives conclusions ob-

tained from this work and recommendations for further studies.
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Appendix A lists the equipment used in the experiments with the addresses of the
manufacturers. The listing of the data acquisition software used in the experiments
is given in Appendix B, along with a short explanation of its use. The problems due

to the inversion of Stehfest Algorithm are discussed in Appendix C.



Chapter 2
Literature Review

This chapter contains a literature review on the various aspects of steam injection
in fractured systems. The chapter is organized in four sections. The first section
describes field applications of steam injection in fractured systems. The second sec-
tion summarizes previous theoretical and numerical work on steam injection in these
systems. The third section gives a summary of the limited experimental work done
previously, and finally, the use of CT scanners is discussed for both core characteri-

zation and fluid saturation measurements.

2.1 Field Applications

The interest in steam injection for fractured systems started almost a decade ago,
since steam injection is the most feasible recovery technique for heavy oils and tars.
Dillabough and Prats [25] described the design of a pilot to test a new recovery pro-
cess for the crude bitumen in the Peace River tar accumulation in Western Canada.
The recovery process was developed by scaled laboratory experiments and field tests.
It involves a period of conventional steam drive, followed by pressurization and blow-
down cycles, to achieve the optimal recovery of the crude bitumen. This process was
chosen, instead of conventional steam drive, since steam tended to channel through

a high mobility water zone which acted like a fracture. This process was found to be
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successful based on results of the laboratory experiments and field tests. We investi-
gated a similar type of process in the laboratory and by numerical simulation in this
work, as described in Chapter 9.

Sahuquet and Ferrier [71] described a steam-drive pilot in Lacq Superieur field
in the Southwest of France. The reservoir was a highly fractured carbonate and
contained oil of 20° API. The best recovery technique was selected by analyzing the
results from laboratory experiments done with core samples from the field. Among
the three different recovery techniques studied: water, hot water and steam injection;
steam injection proved to be the most successful. They reported a recovery of 68%
of OOIP with steam injection, compared to a 13% recovery with natural imbibition,
and a 9.5% additional recovery with hot water drive. Since their aim was to decide
on the technique giving the most recovery, they did not report any temperature or
saturation measurements, or even whether any measurements were made. However,
they mentioned that at the end of the experiment the entire model was at the steam
temperature.

Their pilot design, based on the experimental results, was successful; and the
heat transfer was efficient, without early heat breakthrough. They believed that heat
conduction smoothed the temperature profile between the fracture and the matrix.
The results from the pilot were interpreted by a thermal stream-tube model. This
pilot proved that steam injection can be an effective recovery technique for a highly
fractured system and the pilot was extended fieldwide.

Britton et al. [10] developed a new in-situ steamflood method they called the
FAST process (Fracture Assisted Steamflood Technology), and tested the method in
a South Texas tar sand deposit containing a viscous tar of -2° API. The first phase of
the process consisted of horizontally fracturing the production wells and stimulating
them with high pressure steam. The horizontal fracture extended from the injection
well to the producers, and steam was injected at high rates and pressures to hold
the fracture open and to preheat the formation (fracture preheat phase). During
the second phase, the injection rates and pressures were reduced to promote matrix
steam injection and displacement of the liquid tar to the producing wells (matrix

steam injection phase). In the final stage, the produced water was mixed with fresh
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water and recycled through the reservoir (heat scavenging phase). The results of
the pilot showed that horizontal fractures were efficient in mobilizing the tar. The
post pilot core analysis indicated an average recovery efficiency of more than 50%.
This pilot was interesting and different from the others in the sense that fractures
artificially created a flow path for steam so that conduction heating could mobilize
the viscous tar.

Stang and Soni [80] described a second FAST process pilot test in Saner Ranch,
Maverick County, Texas. The reservoir contained tar ranging from -2 to 3° API
gravity. The pilot test showed that a major portion of the reservoir can be heated in
a reasonable time with the help of the horizontal fracture created artificially. Recovery
was 40-45% of the OOIP. The performance of the pilot was numerically modeled. The
objective was to develop a technique to predict flood performance of future potential
applications, and to help understand the dominant flow mechanisms in the process.
The fracture was modeled by assigning individual blocks to it. A match was obtained
for the tar production, and temperatures and pressures. Modeling studies showed
that flow through the horizontal fracture was the most important factor affecting the
performance.

Closmann and Smith [15] reported an interesting study on analysis of the tem-
perature measurements taken above and below a horizontal fracture in Athabasca
tar sands. These field measurements were used to estimate the thermal properties of
the formation and also provided information on the possible changes in the heat and
fluid flow paths. The temperatures measured below the fracture plane were modeled
using the one-dimensional heat conduction equation. To model the thermocouple
temperatures above the fracturé, a moving heat source solution was used successfully.
Numerical simulations were also used to model the vertically rising steam zone. Simu-
lation results were in fair agreement to the measured data. This study was important
since it validated both the numerical simulation and the analytical models using field
data.

Duerksen et al. [28] described a cyclic steam injection pilot in Cold Lake. Steam
had to be injected above fracturing pressure to achieve the required injection rate. A

fracture system was created from northeast to southwest. The recovery was 6.3% of
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the OOIP. They used a fractured reservoir simulator to study cyclic and steam drive
responses. The fracture system was modeled as an extended wellbore. They did not
mention how they handled the fracture as a wellbore. Field observations and predicted
values for oil production and steam-oil ratio (SOR) showed qualitative agreement in
the early cycles for some of the wells. Differences were more significant in the later
cycles with predicted oil production being much lower than actual production. This
was due to a change in the fracture orientation, which occurred in the field but was
not considered in the numerical model.

The initiation of a steam pilot in Vallecupa oil field in Italy was described by
Chierici et al. [14]. The reservoir is a fractured carbonate, and the oil has an API
gravity ranging between 16-26° API. The paper talks about the reservoir studies done,
drilling and testing of the pilot wells, the characteristics of the surface facilities and
the startup phase of the pilot. To evaluate the efficiency of the steam injection process
in this field, hot-water flooding tests were performed on laboratory cores at various
temperatures. The experiments were quite simple since their aim was to see how the
residual oil saturation would change with hot water injection. They observed that
residual oil saturation decreased with increasing temperature. They did not report
any monitoring of temperatures or saturations in their core floods. The reduction in
oil saturation was sufficient to conclude that steam injection would be a successful
recovery technique for this field.

Couderc et al. [20] studied a steam pilot in Emeraude field in offshore Congo
on the West African coast. The reservoir is very heterogeneous with siltstones and
fractured compact limestones. The oil has a viscosity of 100 cp at reservoir conditions.
The purpose of the steamflood was to circulate steam in fractured limestone beds,
and with the help of vaporization, thermal expansion and oil viscosity reduction, to
expel the oil from the siltstones. Some hot-water and steamflood experiments were
conducted in the laboratory. These experiments were done in homogeneous siltstone
cores instead of fractured cores. They were used to determine the amount of oil
that could be expelled from the siltstone by thermal expansion and vaporization.

Steamflooding was also done on the same type of core, and the recovery reached
84.5% of OOIP.
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Based on the promising experimental results, two steamdrive five spots were
started for a field pilot test. After three years of steam injection, the recovery rate
was good. Numerical simulations were used to interpret the results from the pilot.

Reis [69] studied the induced fracturing in two heavy oil reservoirs in California
due to cyclic steam injection. The first reservoir was shallow and consisted of uncon-
solidated sandy conglomerate. The fractures formed, due to steaming, were complex
with multiple fractures opening and closing over a period of days. No model could
be developed for this operation.

The second reservoir was deeper and was consolidated. Two vertical fractures were
opened in this reservoir and stayed open. A simple linear one-dimensional heat con-
duction model was developed and the measured field data were successfully matched.
The model assumed that the fracture instantly heated to the steam temperature and
remained there. The heat transferred from the fracture to the matrix was modeled as
a finite width, isothermal band along the fracture at steam temperature. The width
of the band determined the distance the thermal energy moved in the matrix by con-
densed steam. The matrix away from the fracture was heated by conduction and the
width of the band served as a history matching parameter. This study was impor-
tant in the sense that it showed that heat conduction was the crucial mechanism for
heating the matrix, and field measurements confirmed this. The temperatures mea-
sured by a thermocouple in an observation well matched well with the temperatures
calculated from the conduction heat transfer model.

Hartemink et al. [38] used reservoir simulations to investigate the design and
future interpretation of a steam pilot in Quarn Alam field in Oman. The objective
was to test the steam-enhanced gas-oil gravity drainage of the heavy oil remaining
in the fractured carbonate reservoir. The locations of the injectors and observation
wells were chosen by using the results of the simulation study.

During the last decade, there have been several applications of steam injection in
systems with both induced and natural fractures, and most of the applications were
successful or promising. However, numerical studies, and especially experimental
studies, are scarce. In fact, most of the decisions for these pilots were made by looking

at the results of simple conventional laboratory tests on mostly homogeneous cores
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and with few measurements. Numerical and theoretical studies on steam injection in

fractured systems will be described in the next section.

2.2 Theoretical and Numerical Studies

Interest in modeling heat and fluid transfer in formations having high permeability
streaks or fractures started in 1960’s with the use of thermal recovery methods for
heavy oils and bitumens. Thomas [82] presented a mathematical model for conduction
heating of a formation with limited permeability. He assumed that heat is introduced
by a noncondensable gas through a horizontal fracture. Heat transfer from the frac-
ture was assumed to be by vertical conduction, and heat transfer by convection was
neglected. Thomas [82] presented an example calculation for this process in an oil
shale. Based on the distance moved by the isotherm, the volume of rock heated and
the oil recovered were estimated. An example calculation was presented, but because
of the lack of experimental data, the model was not validated.

Lesser et al. [54] formulated a similar model to represent the conduction heating
of a rock with no permeability. A hot condensing gas was introduced through a
horizontal fracture. The model consisted of one heat equation for the matrix, and heat
and fluid flow equations for the fracture. Temperature histories were obtained by finite
difference solutions for both fracture and matrix. The model was applied to heating
of oil shale. They investigated heating rate effects of shale thermal diffusivity, fluid
pressure in the fracture, and fracture spacing. A higher injection pressure resulted
in a slower heating rate. Doubling the thermal diffusivity of the formation resulted
in a more rapid rise in the formation temperature. Decreasing the fracture spacing
caused an improvement in the heating rate. Again in this study, an application of
the model was shown for the oil shale heating by steam injection, but no temperature
data were available to compare with the model.

Abdus Satter [2] developed a model for conduction heating of reservoirs by steam
injection. The model is different from Thomas’ method, since the steam injection
process is also considered after the steam breaks through to the producers. Equa-

tions are given to determine the temperature distribution in the reservoir after steam
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injection has stopped. He investigated the effects of parameters such as injection
rate, temperature, pay thickness and well spacing. An example calculation based on
arbitrary data was given to show the application of the model. His model also was
not verified against measured data.

All of the models described above only considered conduction in the formation,
convection was neglected. Wheeler [89] developed three analytical solutions to model
the heat transfer from the fractures to the matrix, by taking into account the effects of
both conduction and convection in the reservoir, and heat loss to the overburden. The
validity of the model was demonstrated by matching the numerical solution developed
by Lesser et al. [54]. Applications of these solutions were presented to determine the
fracture orientation from field temperature measurements.

Another analytical model that describes the conductive heat transfer from a frac-
ture to the reservoir was developed by Satman [75]. He also assumed equally spaced
horizontal fractures. Only the conductive heat flow from the fracture to the matrix
was considered, and there was no heat loss from the matrix to the surrounding media,
which restricted the application of this model in systems where heat losses are signifi-
cant. As a practical application of this model, he showed the amount of heat that can
be extracted from a geothermal reservoir as a result of reinjection. The validity of
the model was tested against temperature distributions measured in an observation
well during a reinjection field test. No examples were given on the applicability of
this model for steam injection in fractured oil reservoirs.

van Wunnik and Wit [83] developed a more detailed analytical model to study the
improvement of gravity drainage by steam injection in a fractured reservoir containing
heavy oil. Models were developed for the mixing of the steam and the hydrocarbon
gas, the temperature distribution in the caprock and the reservoir, and oil production
by thermal expansion and gravity drainage. The models were applied to the Qarn
Alam reservoir in Oman, which is a densely fractured chalk formation containing a
moderately heavy oil. The results from the models showed that this reservoir can be
a good one for steam injection.

Recently, Pooladi-Darvish et al. [65] studied steam injection into a single block

of a naturally fractured reservoir, and analytical solutions were given for heat flow
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and non-isothermal gravity drainage from the block. They neglected convection and
assumed that heat conduction is the only heat transfer mechanism from the fracture
to the matrix. The analytical solutions were compared to numerical solutions. No
experimental measurements were available to support the validity of their model.

The work described above involved mostly analytical models, for the heat transfer
from a fracture to surrounding matrix blocks, or the behavior of a single matrix block.
Field scale modeling of fractured reservoirs undergoing steam injection evolved with
the development of dual porosity and dual permeability models.

Geshelin et al. [34] presented a unique numerical study on the transport of in-
jected and reservoir water through fractures induced during steam stimulation of tar
sands and heavy oil deposits. Fractures created during the stimulation process acted
as channels through which injected fluids flowed. The heat was assumed to be trans-
ferred from the fracture to the matrix by convection and conduction. The rate of
Auid transfer from the fracture to the surrounding block was a function of the shape
factor and the pressure difference between the fracture and the surrounding block.
The shape factor was estimated by assuming a single narrow fracture instead of the
double porosity assumption. The fracture model developed was incorporated into a
conventional thermal simulator. Several steam stimulation runs were performed to
analyze the behavior of the model. The model was not validated with any measured
data.

Pruess and Narasimhan [66] presented a multiple interacting continua model
(MINC), to simulate the heat and two-phase flow of steam and water in multidimen-
sional fractured porous media. The flow domain was partitioned to computational
volume elements by assuming thermodynamic equilibrium in each element. Transient
flow of fluid and heat between the matrix and the fractures was treated numerically.
The model was verified by comparing it with the analytical solution given by Warren
and Root [87]. The model was applied to different problems in geothermal reservoir
engineering, such as, flow to a well penetrating a fractured reservoir with low matrix
permeability, boiling depletion of a fractured geothermal reservoir, and production
and injection in a fractured geothermal five-spot pattern.

Lee and Tan [53] developed a multiple porosity /permeability thermal simulator for

11
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fractured oil reservoirs. The simulator was different from the dual porosity simulators,
for it allowed the linking of any pair of grid cells for the transfer of mass and energy.
The matrix domain can thus be divided into two or more domains and linked to each
other as well as to the fracture domain to define imbibition, drainage and heat transfer
mechanisms. The heat transfer between the fracture and matrix was determined by an
interporosity heat transfer coefficient which includes a shape factor and the thermal
conductivity. The simulator was validated against simple isothermal analytical radial
models.

After validation, the recovery mechanisms were simulated for steam-assisted grav-
ity drainage of a dual-porosity, dual permeability heavy oil reservoir. This example
was a fictitious field case to observe model behavior. The results showed that oil
moved from the matrix to the fracture, by the interporosity transfer coefficients, as a
result of thermal expansion and steam drive.

Chen et al. [13] developed a three-dimensional three-phase compositional simu-
lator for steam injection in fractured systems. The matrix blocks were represented
by cylinders, and, to represent the transient behavior in the matrix, it was divided
into several matrix cells in the r-z directions. This was done to minimize the cost of
discretization of the matrix. Matrix/matrix flow was not permitted between adjacent
grids. The fluid and energy flow between the matrix and the fracture were described
by an expression defining the cell dimensions used in the division of the matrix into
several cells, and the potential difference between the matrix and the fracture. No
comparisons with measured data were given. The simulator was used in an example
case to investigate the sensitivity of oil recovery prediction to the discretization of
the matrix block, the size of the matrix blocks and the capillary pressures. The re-
sults showed that matrix block should be discretized both radially and vertically to
properly model the fluid and energy transfer between the matrix and the fractures.
Matrix block size affected the oil recovery, and the rate of heat transfer between the
matrix and the fracture was important in oil recovery.

Pruess and Wu [67] handled matrix-fracture flow by an analytical approach in
their simulator which used the MINC formulation. The method combined a finite

difference description of global flow in the fracture with an analytical representation
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of interporosity flow by means of trial functions for fluid pressures and temperatures in
the matrix blocks. These trial functions contained parameters which were calculated
using simple mass and energy balances for each time step based on the matrix block
shapes and dimensions. The method used was an extension of the technique developed
by Vinsome and Westerveld [85] and it was validated against exact analytical solutions
for fluid and heat exchange from individual matrix blocks.

A unique approach to modeling of heat and mass transfer in fractured systems is
that of Mukhopadhyay and Sahimi [59]. They developed two and three dimensional
fractal and non-fractal networks of interconnected fractures, as models of a fractured
geothermal field, and studied two-phase flow and heat transfer in such systems. The
reservoir was modeled as a set of interconnected fractures through which fluids flow.
The fluids in the fracture do not flow into the matrix and the communication is only
through heat transfer. No validation of the model was presented. Only the application
of the model to a fictitious geothermal problem was given.

The studies described so far were mostly about different ways of modeling the
processes in steam injection in fractured systems, both analytically and numerically.
The applications of simulation and different analytical models to various aspects of
steam injection processes in fractured oil reservoirs will be summarized next.

The applicability of steamflooding for carbonate reservoirs was summarized by
Nolan et al. [60]. Carbonate reservoirs are generally very heterogeneous and the bulk
of the matrix permeabilities are very low with fractures providing most of the conduc-
tivity for fluid flow. Heat conduction from the fluids moving in the high permeability
channels heats the matrix and helps the oil to be expelled from the matrix. They
conducted a series of laboratory experiments to compare the oil produced by this
conductive heating mechanism. However, in the experiments they used homogeneous
sandstone cores instead of the fractured carbonate cores. They justified their use of
sandstone instead of carbonate by stating that the relative permeabilities are simi-
lar. No justification was given for using homogeneous cores instead of fractured ones.
They also used a numerical simulator to analyze the sensitivity of certain parameters
for steamflooding. A physical model, consisting of a homogeneous sandpack, was

used to verify some of the heat scavenging results obtained from simulations. The
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production data, and the temperature and pressure histories of the experiments, were
in qualitative agreement with simulations. Both experiments and simulations showed
that heat scavenging by pressure drawdown can improve the steamflood performance,
for production continued even after steam injection was terminated.

Abad and Hensley [1] used a single-phase thermal simulator to investigate the
applicability of steam flooding in differing reservoir geometries such as dipping and
fractured reservoirs. They used a single porosity simulator, and a fracture was sim-
ulated with high permeability grid blocks. The physical properties used were those
of fluid saturated California sandstones. Since the simulator was single phase, total
heat and fluid production were calculated without quantifying the individual phases.
The injected fluid and the reservoir fluid were distinguished by defining their physical
properties such as density, viscosity and heat properties. The results of the simu-
lations showed that fractures improved the sweep efficiency, however, most of the
injected heat was produced through the fractures, so heat utilization was lower when
the reservoir was fractured. Up to 80% of the injected heat could be produced through
the fractures.

Lin [56] developed a fracture propagation model for cyclic steam stimulation by
modifying a conventional thermal simulator. Fracture propagation kinematics, and
heat transfer between the fracture and the reservoir, were included in the model.
The model was validated by comparing the results to the results obtained from a
different fracture simulator. The reservoir description and the fluid properties of a
typical fictitious heavy oil reservoir were used for sensitivity studies, and simulations
were done to investigate the effects of certain operating parameters. Two different
simulation studies were conducted, a single well stimulation process and a four well
pattern, to study fracture characteristics. The results indicated that in a single-well
stimulation, a lag time existed between the beginning of injection and the reopening
of the fracture and the recovery efficiency increased with the steam slug size and the
steam injection rate. The four well pattern simulation showed that well interactions
greatly affected the process mechanisms such as fracture propagation.

Briggs [6] described a simulator developed to predict the performance of cyclic

steam injection for fractured carbonate reservoirs containing heavy oil. The model
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used a simplified approach by combining analytical and numerical techniques. It as-
sumed a system consisting of cubic matrix blocks surrounded by fractures. Flow of
steam and condensate was in the fractures only, as is the case for double porosity
models, and the heat transfer to the rock matrix was only by conduction. The tem-
perature of the matrix blocks and the heat lost to the surrounding formation were
obtained by an approximate solution to the heat conduction equation. The exchange
of fluids between matrix and fracture were due to thermal expansion and countercur-
rent imbibition. The simulator was used to match a field case, but the results were
not reported. Several sensitivity studies were done with the simulator. Small matrix
blocks and high matrix permeabilities both showed faster recovery. A higher matrix
porosity caused lower recovery, and larger fracture porosity increased the recovery.
Steam soak times did not affect the recovery. Higher injection rates showed better
recoveries. Performance improved with larger steam slugs. Steam pressures did not
affect the recovery.

Jensen et al. [46] developed a numerical model to analyze their experimental
results, and also to investigate the recovery mechanisms and to perform sensitivity
studies. The model was a two-dimensional, three-phase, single porosity, thermal sim-
ulator. The fracture was modeled by using a fine high permeability layer. It extended
along the length of the core and 8 grid blocks were used in the flow direction. How-
ever, the grids adjacent to the fracture were coarse, and they did not report any of
the effects of grid size in their simulation studies. They presented different history
matching cases for waterflooding and steamflooding in homogeneous and fractured
cores. They only matched the average oil saturations, and did not match the tem-
perature or steam saturation distributions. They also performed sensitivity studies
on some parameters. Higher rates gave higher recoveries for steam injection. More
oil was also recovered with a higher system pressure. The effect of fracture aperture
was not found to be significant. Matrix permeability was found to be an important
parameter affecting the rate of oil release from the matrix. The effect of oil-water
capillary pressure on recovery was positive, due to capillary imbibition. The effect of
fracture capillary pressure was not investigated, even though it can be an important

parameter affecting recovery from fractured systems.
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Oballa et al. [62] outlined different fractured reservoir models for their applica-
bility to thermal recovery. They investigated how the type of fractured media model
used affected the predicted results. Different dual porosity formulations, like MINC
and vertical refinement models, and the dual permeability formulations, were imple-
mented in a thermal simulator. They compared the results from these models with
published data. Several cases were simulated. The effects of different fracture and
matrix properties were investigated. Fracture permeability did not affect the results.
Fracture water-oil capillary pressure decreased water imbibition. Gas-oil capillary
pressure in the fracture increased gas flow to the matrix and increased oil recovery.
These results were similar to what we observed by fine grid simulations that will be
described in Chapter 3. Matrix permeability strongly affected the oil recovery. For a
matrix with low permeability, depletion is slower and conductive heat transfer is more
important. Matrix thermal properties were not found to significantly affect recovery.
Water-oil capillary pressure of the matrix was the important parameter affecting wa-
ter imbibition into the matrix, and increasing recovery. Heat conduction played an
important part in the recovery process according to the simulation results.

None of the mentioned theoretical and numerical work on steam injection in frac-
tured systems reported good experimental data to validate the models or to help
understand the flow mechanisms. Unfortunately, not much experimental work has
been done on steam injection in fractured systems. These are described in the next

section.

2.3 Experimental Work

Dreher and Kenyon [27] flooded fractured carbonate disks with hot water and steam.
They performed a series of flooding experiments at different temperatures and mon-
itored the oil recovery. The only temperatures measured were at the inlet and outlet
ports. They did not measure temperatures either in the core or in the fracture. The
results showed that oil recovery increased with temperature. They then used simula-

tions to model the process. However, they did not attempt to model and analyze their
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experiments, but rather simulated a typical fractured carbonate reservoir and ana-
lyzed the results. The simulations showed that the matrix could be heated efficiently
by conduction of heat from the fracture to the matrix. The effect of grid refinement
in the matrix was also investigated, and the oil recovery was found to depend on
the matrix grid block sizes. Steam injection rates and carbon dioxide generation also
affected oil recovery.

Reis [68] summarized the recovery mechanisms for steam injection in fractured
reservoirs. The most important recovery mechanism was identified as differential
thermal expansion between the oil and the pores. Gas generation due to carbonate
dissolution at high temperatures, and capillary imbibition were also important. Other
mechanisms, like gravity drainage, solution gas drive, and distillation, were thought
to be less important. He conducted very limited laboratory experiments on outcrop
samples from different rocks of the Monterey formation in California, and on Berea
sandstone. The amounts of oil expelled from these samples were measured at different
temperatures. The samples were solid, not fractured, and only the amount of oil
expelled was measured. The tests were not core floods but were conducted in a water
filled autoclave kept at constant temperature. Oil recovery averaged 50% higher from
the high temperature tests than from low temperature tests.

Jensen [45] studied steam flooding in fractured reservoirs both experimentally
and numerically. He used fractured and solid Berea sandstone and carbonates from
a Texas aquifer and from the Madison formation in Wyoming. Corefloods were per-
formed by waterflooding followed by steam injection. Temperatures were only mea-
sured at the inlet and the outlet. He also mentioned that a thermocouple was located
in the core, but its measurements were not reported. The average saturations were
measured, both from production data and by weighing the sample. He investigated
several parameters such as injection rate, fracture aperture, fracture orientation, and
the type of oil used. The experiments showed that the recovery was due to water
imbibition, decrease in oil viscosity and thermal swelling of fluids. Water imbibition
was not a significant recovery mechanism for the carbonates since they were more oil
wet. Gravity drainage and thermal expansion were important for these cores. He used

a single porosity thermal simulator to history match the experiments. The fractures
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were simulated by a fine single layer of high permeability grid blocks. He simulated
both the waterflooding and steamflooding experiments for both fractured and solid
cores. He only matched the average oil saturation in the core as a function of fluid
injected, since there were not enough measurements on factors such as temperature
in the fracture and matrix, and heat losses, for example.

Briggs et al. [7] presented some results from laboratory and simulation studies for
steam injection into fractured carbonates containing heavy oil. The purpose of the
work was to identify the recovery mechanisms. Their experimental work was mech-
anistic in nature. They used plugs cut from an outcrop of Permian Basin dolomite
and live oil in experiments mimicking cyclic steam injection. They heated the core
holder to a high temperature and monitored the oil recovery due to thermal expan-
sion. Then brine was flowed to simulate countercurrent imbibition. The outlet end
of the core holder was opened to the atmosphere, and depletion production was mea-
sured. The sequence ended with a hot water and steam flood. The test sequence was
repeated at a higher temperature. The results indicated that imbibition played an
important part in increasing the recovery, and that thermal expansion contributed
little to the recovery. Since the aim of the experiments was to identify the relative
importance of several mechanisms on the recovery, no temperature measurements
were taken. No attempt was made to simulate their high temperature experiments,
but their imbibition tests were simulated.

The experimental studies summarized above were quite limited and the measure-
ments were mainly production data. Temperature measurements were not made and
the heat losses were not monitored. Average saturations were calculated by material
balance, so only average values could be obtained. It is obvious that good experimen-
tal data such as temperature and saturation measurements both in the fracture and
matrix were needed to understand the processes taking place during steam injection
in fractured systems.

Since CT measurements are an important part of this work, the next section of
the literature review summarizes briefly the use of CT scanning as a tool for both

core analysis and saturation measurements in the laboratory.
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2.4 Computerized Tomography (CT) Applications

Computerized Tomography (CT) has been widely used as a core analysis and char-
acterization tool. Bergosh et al. [5] discussed the application of a CT scanner as a
fracture detection tool and also for quantifying fracture width and spacing, geome-
try, tortuosity, interconnectedness and drilling mud invasion. Honarpour et al. [40]
characterized the reservoir rock by comparing X-ray attenuation values for different
minerals resident in different cores.

Hunt et al. [44] conducted a detailed study comparing the advantages and disad-
vantages of various CT scanners. They discussed the application of CT scanners to
quantify porosity and mineralogy. The correlation between CT data and permeability
was also given. They also presented some artifact reduction techniques, and ways to
handle beam hardening.

Kantzas et al. [49] quantitatively determined reservoir rock properties such as
porosity, density and mineralogy. They developed density maps for the cores used, but
did not report any of the porosity maps calculated. Instead, they reported the average
porosities calculated from the CT numbers. There was good agreement between the
average porosity and density values measured by the CT scanner and the values from
conventional core analysis techniques.

Johns [47) measured the fracture aperture in a granite core by a second genera-
tion scanner. He developed a correlation between the CT numbers and the fracture
aperture by calibrating the CT scanner for apertures between 0.075 and 3.875 mm.
He then used the correlation to estimate the change of the fracture aperture along the
fracture plane in a naturally fractured granite. His work was important, since he was
able to estimate the aperture using only a second generation scanner with relatively
large pixel sizes.

Peters and Afzal [63] developed a procedure to use CT measurements to charac-
terize the heterogeneities in cores to be used in laboratory core floods. They used a
sandpack in their experiments. In addition to the calculation of porosities and devel-
opment of porosity maps; using streamtube calculations, they developed a technique

to estimate permeabilities from CT measurements during a coreflood.
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The use of a CT scanner to monitor fluid saturations in porous media will be
discussed next by summarizing several studies done on this aspect. Quantitative
measurement of fluid saturation by a CT scanner is more difficult than core charac-
terization.

Cromwell et al. [21] studied the differences in CT numbers for Danian chalk
and Berea sandstone when saturated with different fluids. They performed a set
of displacement experiments using an iodine solution to displace mineral oil. They
scanned the cores cross-sectionally and axially with a first generation CT scanner.
They studied the saturation differences only qualitatively.

Wang et al. [86] used a second generation CT scanner to measure oil saturation
distributions during immiscible flooding of Berea sandstone cores. The displacing
fluid was potassium iodide solution. They plotted oil saturation maps calculated
from the CT numbers as a function of time and location. However, they did not
mention the procedure used to calculate two phase saturations.

Hove et al. [43] studied immiscible and miscible displacements in some North
Sea sandstone plugs using a CT scanner. Images were taken in the direction of flow
instead of perpendicular to the flow. The images were compared qualitatively, and
no direct saturation calculations were made.

Wellington and Vinegar [88] used CT scanning to study the effect of foam for
mobility control during carbon dioxide injection. They performed three phase dis-
placement experiments with oil, water and gas and they also compared their CT
images with the results calculated from a miscible simulator. The agreement was ex-
cellent. Even though they outlined a way to calculate three phase saturations by dual
energy scanning for the first time, they did not report any quantitative saturation
calculations.

The procedure to determine three phase saturations by CT scanners were outlined
again in more detail in another paper by Vinegar and Wellington [84]. They discussed
the choice of energy levels for dual energy scanning, and types of dopants. They used
aluminum core holders since they are less dense than steel and cause fewer artifacts
and problems during scanning. They applied the procedure that they proposed to a

three-phase tertiary miscible carbon dioxide displacements in a Berea sandstone.
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Withjack and Akervoll [90] constructed a rectangular core holder to study three-
dimensional miscible displacement in a five-spot model. The porous medium con-
sisted of glass beads, and displacement of oil by solvent flooding was monitored by
CT scanning. The displacement was observed visually by three-dimensional image
reconstructions. The images showed that viscous fingering was more significant in
three-dimensional displacements than in two-dimensional displacements. Secondary
fingers formed in the overriding tongue.

Chatzis et al. [11], using a CT scanner, qualitatively monitored the saturations
during nitrogen injection in a Berea core saturated with oil and brine. They calculated
the average CT numbers at different times for each slice as a function of position along
the core.

CT scanners are not used widely in high temperature experiments due to the
restrictions on core holder material. Sedgwick and Miles-Dixon [76] used a CT scan-
ner to measure high temperature relative permeabilities of bitumen and water in a
sandpack. They used an aluminum core holder. The bitumen and water saturations
were calculated by averaging the pixel data for the whole cross-section. This work is
important since it is the first high temperature application of CT measurements.

Demiral et al. [23] used CT imaging for steam and steam-foam displacements in
a three-dimensional sand pack. They reported the presence of artifacts even though
they used an aluminum core holder and internal Teflon to isolate the porous medium
from the core holder. They did not calculate steam saturations, but they reported
comparisons for different displacement processes using raw CT data. Sharma [78]
extended this work by conducting steam injection experiments in the presence of oil.
He calculated the three-phase saturations by using the CT numbers at two energy
levels. However, he mentioned that the aluminum core holder caused problems in the
saturation measurements due to its high density.

MacAllister et al. [57] conducted a study on relative permeability measurements
by a CT scanner. Oil/water and gas/water relative permeabilities were determined
for a Baker dolomite core. All of the saturations were determined by a CT scanner.

Peters and Gharbi [64] conducted a series of corefloods on a sandpack by displacing

mineral oil by a brine solution containing barium chloride. Saturation distributions
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measured by the scanner were qualitatively matched with numerical simulations. Av-
erage water saturations compared well with simulations. After history matching,
the numerical model was used to scale the results of laboratory corefloods to other
systems.

Quadeer et al. [9] used a CT scanner to analyze the errors introduced when relative
permeabilities are calculated by using conventional techniques. They performed two-
phase oil-water imbibition and drainage experiments and measured the saturation
distributions with time using the CT scanner.

In none of these previous CT applications, a fractured system was used, nor were
saturations in the fracture and the matrix measured during steam injection. Such
measurements require accurate artifact free measurements, which were not possible
with the conventional metal core holders used in the previous high temperature work.
We have designed and built a unique core holder, from a high temperature plastic,
that allows us to quantify saturations in both fracture and the matrix under steam
injection conditions.

This literature review shows that there is a need for experimental work on steam
injection in fractured systems. Detailed saturation and temperature measurements
should be done for both matrix and fracture so that previously developed numerical
and analytical models can be validated and better ones can be developed. Further-
more more work is needed on the isolation of recovery mechanisms for steam injection
in fractured systems.

This work provides experimental data for steam injection in fractured systems.
Accurate and detailed experimental measurements were made possible by using fine
grid simulations and analytical calculations in the experimental design. The experi-
mental results were used to calibrate a numerical simulator. Further, the calibrated
simulator was used to study and isolate the recovery mechanisms for both cyclic and

continuous steam injection.
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Chapter 3
Fine Grid Simulations

Before designing and building the experimental apparatus, fine grid simulations were
used to study the effects of certain flow parameters and to determine the experimental

design parameters. Simulations performed can be classified into two categories:

e Simulations for sensitivity studies of certain rock-fluid properties, such as water-
oil and gas-oil capillary pressures of matrix and fracture systems, and their

relative permeabilities.
e Simulations for the determination of experimental design parameters.

Sensitivity studies done for the rock-fluid properties will be discussed in this chapter.

Simulations for the experimental design parameters will be described in Chapter 4.

3.1 Sensitivity of Rock-Fluid Properties

A commercial thermal simulator (Computer Modeling Group’s STARS [17]) was used
for these simulations. The parameters used in the simulations are given in Table 3.1.
The physical properties of the core used in the simulations were the properties of
the Boise sandstone used. A cross-sectional (x-z) grid system was used. Figure 3.1
is a schematic representation of the grid system. The fracture is represented with

fine grids having a high permeability and unit porosity. Fracture permeability was
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Figure 3.1: Schematic of fine grid system used in the simulations.
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Table 3.1: Fine Grid Simulation Parameters

Matrix porosity, % 30

Matrix x-dir. permeability, md 900
Matrix y-dir. permeability, md 1400
Matrix z-dir. permeability, md 1400

Fracture permeability, md 84.4x10°

Initial reservoir pressure, psia 25
Initial reservoir temperature, deg K 297
Initial oil saturation (matrix), fraction 0.8
Initial oil saturation (fracture), fraction 1.0
Steam injection rate (water eq.), cm®/min 1.0
Production pressure, psia 20

calculated by using the equation given by Amyx et al. [3].

k = 8.44 x 10°h? (3.1)
where,
k =  permeability, Darcys
h =  width of the fracture, cm

The sizes of the grid blocks decrease as fracture is approached. Before starting the
fine grid simulations, a sensitivity study was made on the effect of the number of grid
blocks used in the simulation. The results justified the use of a 10 x 1 x 12 grid system
(Fig. 3.2). The grid system is two-dimensional with fractures surrounding the matrix
on all four sides. The injector and producer are located parallel to the z-axis. The

injector is completed at the bottommost layer and the producer is completed at the
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Figure 3.2: Grid size sensitivity.
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topmost layer. They are located at the corners of the model in the vertical fractures.
Initially the fractures are 100% saturated with oil, and the matrix has saturations of
80% oil and 20% water.

Three-dimensional simulations were also run to compare the results with the cross-
sectional simulations. The grid system used was similar to the 2-D fine grid simu-
lations, but the number of grid blocks in the y-direction was taken as three instead
of one. Completion locations for the wells were same as the two-dimensional simu-
lations. Figure 3.3 shows the comparison of three dimensional and two dimensional
simulations in terms of cumulative oil produced as a function of cumulative steam in-
jected. Saturation distributions (oil, steam and water) and oil recoveries were in close
agreement, which justified the use of a two dimensional cross-sectional grid system
for all subsequent sensitivity studies.

Sensitivity studies were done on the following flow parameters:
e Water-oil capillary pressure curve in matrix and in fracture.
e Gas-oil capillary pressure curve in matrix and in fracture.

e Oil-water and liquid-gas relative permeability curves in matrix and in fracture.

3.1.1 Effect of Capillary Pressure in Matrix

In the base-case simulation, water-oil and gas-oil capillary pressures of matrix and
fracture were set to zero. Matrix capillary pressure curves in the study by Oballa et
al. [61] were used in the sensitivity studies and are shown in Fig. 3.4.

When the water-oil capillary pressure of the matrix is set to zero, oil recovery is
due to gravity only. However, when capillary pressure is greater than zero, condensed
steam imbibes into the matrix and helps displace oil from the matrix. This effect
significantly increases the oil recovery (Fig. 3.5).

Water and oil saturation maps at different times show the movement of water into
the matrix and displacement of oil (Figs. 3.6, 3.7, 3.8 and 3.9). Note the scales of the x
and z axes. Grid block numbers are used instead of the real dimensions in centimeters

(20 x 10 cm). Visually, these maps tend to give the wrong impression about the sizes
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of the zones in and near the fracture. However, this method of presentation was found
to be the best possible way of showing the changes at and near the fractures within
the limitations of the plotting software. All further saturation and temperature map
scales will be in terms of grid block numbers rather than the real dimensions.

At 0.3 pore volumes of steam injected, water saturation in the matrix started
to increase as shown by the darker color in the matrix in Fig. 3.6b. The water
saturation in the matrix is between 0.4 and 0.6 when water-oil capillary pressure is
greater than zero. On the other hand, when there is no capillary pressure, the matrix
water saturation stays at its initial value (S, = 0.2). This is because there is no
force causing water imbibition into the matrix. Oil saturation maps show a similar
behavior (Fig. 3.7a and 3.7b). Oil saturation in the matrix decreases with time due to
water imbibition displacing the oil. When capillary pressure is zero, only a very small
amount of oil has been displaced from the matrix, the oil saturation in the matrix is
virtually unchanged, and only the oil in the fracture is displaced. Steam saturation
maps are not shown here due to their similar behavior for both cases. Steam only
flows in the fracture, and goes immediately to the top fracture due to gravity. It is
the condensed water from the steam that moves into the matrix to displace oil.

At a later time, 1.3 PV of steam injected, oil saturation in the matrix is reduced
and water saturation is increased more for the nonzero capillary pressure case (Figs.
3.8b and 3.9b). Again there is little change in the matrix oil saturation when capillary
pressure is zero, as can be seen in Fig. 3.8a. Only the oil in the fracture has been
displaced.

These simulations showed that water-oil capillary pressure of the matrix has a
positive effect on oil recovery, and water imbibition due to condensed steam can be
an important recovery mechanism for steam injection into fractured systems.

By contrast, gas-oil capillary pressure of the matrix has no effect on oil recovery
(Fig. 3.10). Steam only moves in the fracture, and the condensed steam does not
imbibe into the matrix. Figures 3.11a and 3.11b show the water saturation maps at
1.3 PV of steam injected. Water saturations are the same for either zero or nonzero
gas-oil capillary pressure. They both stay at the initial water saturation, confirming

there was no imbibition into the matrix. Thus oil recovery is only by gravity from
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Figure 3.6: Water saturation maps at 0.3 PV steam injected. (a) Zero matrix water-
oil capillary pressure. (b) Finite matrix water-oil capillary pressure.
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Figure 3.8: Oil saturation maps at 1.3 PV steam injected. (a) Zero matrix water-oil
capillary pressure. (b) Finite matrix water-oil capillary pressure.
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the fractures.

3.1.2  Effect of Capillary Pressure in Fracture

The existence or absence of capillary pressure in the fracture is a controversial subject.
In most fractured reservoir simulations, capillary pressure of the fracture were set to
zero [50, 13, 12, 51]. Several authors however, claim that fracture capillary pressure
should not be zero [32, 33, 41, 52].

In the base-case simulations, water-oil and gas-oil capillary pressures of the frac-
ture are set to zero. Capillary pressure curves for the fracture used in the sensitivity
studies are given in Fig. 3.12. For these sets of runs, matrix capillary pressures were
set to zero.

Water-oil capillary pressure in the fracture decreased the oil recovery due to the
decrease in water imbibition into the matrix (Fig. 3.13). The calculated recovery is,
in fact, less than that for zero capillary pressure. When fracture capillary pressure
is greater than zero, there was no change in water saturation either in the matrix
or the fracture (Fig. 3.14b). Only steam flows in the fracture. Since there is a high
mobility difference between steam and oil, oil in the fracture cannot be displaced, as
shown in Fig. 3.15b. Oil saturation remains constant except along the top fracture,
where the oil has been displaced. On the other hand, when capillary pressure is zero,
condensed water flows in the fracture and displaces oil, as seen in Fig. 3.15a.
Gas-oil capillary pressure in the fracture has a positive effect on recovery (Fig. 3.16).
There is a crossover between the two recovery curves, since some time must pass to
heat the matrix by steam and thus mobilize the oil.

Figures 3.17a and 3.17b show the steam saturation maps at 0.5 PV of steam
injected for zero and nonzero fracture gas-oil capillary pressures. When capillary
pressure is zero, steam only moves in the fracture. There is no steam in the matrix.
On the other hand, when gas-oil capillary pressure is greater than zero, steam moves
into the matrix. The increased steam saturation in the matrix causes a decrease in
the viscosity of oil, making the oil mobile and causing a significant increase in oil

recovery. The oil saturation map in Fig. 3.18b shows the decrease in oil saturation.
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Figure 3.12: Capillary pressure curves for fracture. Top: Gas-liquid capillary pressure.
Bottom: Water-oil capillary pressure.
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Figure 3.14: Water saturation maps at 0.3 PV steam injected. (a) Zero fracture
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Figure 3.15: Oil saturation maps at 0.3 PV steam injected. (a) Zero fracture water-oil
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Figure 3.16: Effect of gas-oil capillary pressure of fracture on oil recovery.
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Figure 3.17: Steam saturation maps at 0.5 PV steam injected. (a) Zero fracture
gas-oil capillary pressure. (b) Finite fracture gas-oil capillary pressure.
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When there is no capillary pressure in the fracture, only the oil in the fracture is
displaced (Fig. 3.18a). Only a very small amount of oil has been displaced from the
matrix.

When capillary pressure is greater than zero, oil saturation in the matrix has been
decreased to almost 0.2 for a large portion of the matrix, particularly near the fracture
faces. Note also, in Fig. 3.18b, that the recovery in the upper part of the matrix is
greater than the lower part, indicating that gravity effects also have considerable

influence on the displacement process.

3.1.3 Effect of Varying Relative Permeability of Matrix

To investigate the effect of the relative permeability of the matrix on oil recovery,
two differing sets of relative permeability data were used. The initial simulation runs
were made using relative permeability curves typical of a sandstone [61]. They are
shown in Fig. 3.19 and will be called as base case relative permeability curves.
Three-phase relative permeability curves for Boise sandstone measured by Saraf
[74] were used for the second set of simulation runs. Figure 3.20 shows these curves.
As seen from Figs. 3.19 and 3.20, there are some differences in the end points
of these two sets of curves. The base case water-oil relative permeability curve has
a higher endpoint relative permeability to oil in the presence of water. However,
end point gas relative permeability in the presence of oil for the measured curve is
higher than the base curves. Endpoint water relative permeabilities are similar for
both measured and base case curves. Critical liquid saturations in gas-liquid relative
permeability curves are different from each other. Critical liquid saturation is 0.25
for the base case and 0.4 for the measured gas-liquid relative permeability curves.
The effect of matrix relative permeabilities on the oil recovery is shown in Fig. 3.21.
The oil recovery from the base case is higher. However, the matrix water-oil capillary
pressure curves were not the same for these two cases. Capillary pressure was higher
for the base case (Fig. 3.22). Previous sensitivity studies on the matrix water-oil
capillary pressure, showed it to be an important parameter affecting the recovery.

So, the use of differing capillary pressures may be the reason for the differences in
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Figure 3.19: Base case relative permeability curves for matrix (Oballa et al., 1990).
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Figure 3.22: Comparison of capillary pressures used in the relative permeability sen-
sitivity studies.

50



CHAPTER 3. FINE GRID SIMULATIONS

Fig. 3.21. To investigate this effect further, and to isolate the effects of relative
permeabilities, capillary pressure was set to zero for the next two runs.

As seen in Fig. 3.23, oil recovery is the same for the two cases even though two
different relative permeability curves were used. In the next set of simulations, the
same nonzero water-oil capillary pressure data were used with differing relative per-
meabilities. Oil recoveries from the two cases were again very similar (Fig. 3.24).
Thus, the reason for the difference in oil recoveries in Figs. 3.23 and 3.24 is the use
of differing capillary pressures. Figure 3.23 shows the oil recovery with zero capillary
pressure, and Fig. 3.24 is for finite capillary pressure.

These sets of runs, testing the sensitivity of oil recovery on the relative permeabil-
ity of the matrix supported the previous capillary pressure sensitivity studies. When
gas-oil capillary pressure is nonexistent in the fractures, water-oil capillary pressure
of the matrix is the dominant parameter, affecting the oil recovery by increasing wa-
ter imbibition. Therefore, relative permeability effects are insignificant compared to

capillary pressure effects.

3.1.4 Effect of Varying Relative Permeability of Fracture

Different relative permeability curves for the fracture were used to investigate the
sensitivity of the oil recovery on this parameter. First, water-oil relative permeability
curves for the fracture were modified to see the effect on oil recovery. Water-oil and
gas-oil relative permeabilities taken from Oballa et al. [61] were used in the base
case simulations. They are shown by the symbols in Fig. 3.25a and 3.25b. Then,
conventional straight line relative permeabilities were used in the next simulation
run. They are shown by the dashed and solid lines in Fig. 3.25b. The results showed
that water-oil relative permeability curves for the fracture had a minor effect on oil
recovery (Fig. 3.26).

Next the effects of k., and (k,,), curves of the fracture were investigated. Straight
line relative permeabilities were used in the base case simulations and they are shown
by the solid and dashed lines in Fig. 3.27a. Then, the relative permeabilities were

modified for comparison. They are shown by triangle and cross symbols in Fig. 3.27a.
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Figure 3.23: Comparison of oil recovery for differing matrix relative permeability sets
( (Pem)y, = 0 for both cases).
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Figure 3.24: Comparison of oil recovery for differing matrix relative permeability sets
( (Pcm)y, is the same for both cases).
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Figure 3.25: Fracture relative permeability sets used in the simulation run done to
investigate the effects of water-oil relative permeabilities (Case48).
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Figure 3.26: Effect of fracture water-oil relative permeabilities on oil recovery.
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Figure 3.27: Fracture relative permeability sets used in the simulation run done to
investigate the effects of gas-liquid relative permeabilities (Case49).
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The oil recovery calculated from the two runs was again similar as shown in Fig. 3.28.
This is to be expected since the fracture desaturates very quickly. Steam entering the
fracture entirely displaces all the oil on its path.

Results of the fine grid simulations described in this chapter, showed that the
water-oil capillary pressure of the matrix, and the water-oil and gas-oil capillary
pressures of the fracture had a significant effect on oil recovery. Water imbibition
into the matrix and drainage of oil by steam were found to be the most important
recovery mechanisms for displacement of oil from a matrix block. Neither matrix nor
fracture relative permeabilities were found to be significant parameters in affecting
the displacement in this fractured model.

Fine grid simulations were also used to help determine certain experimental pa-
rameters such as: steam injection rate, maximum pressure change in the system, and
locations and numbers of thermocouples and wells. The details of the experimental

design simulations are given in the next chapter.

57



CHAPTER 3. FINE GRID SIMULATIONS

0.18
& 016 e
@) T e '
S oub
s 14 b &
I
F 012 [
3] 3
s - 3
N L 3
- 0.10 [
Q o N
=3 A 3
'8 0.08
e B 3
a i
5 0.06 ~
<1>> - base case
=2 0040 f 0 e case 49
'é B
5 002 [
O i
0.00 IlIIIl|IIIIILlIllll]IlllIlIIllII|lJJIllIlIIllIlIl‘LIIIIIlll
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Cumulative Steam Injected (PV)

Figure 3.28: Effect of fracture liquid-gas relative permeabilities on oil recovery.
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Chapter 4
Experimental Design

Many restrictions affected the design of the core holder for steam injection in frac-
tured systems. The model had to be X-ray transparent, had to have a low thermal
conductivity and low thermal expansion coefficient, and it had to be rated against the
temperatures and pressures encountered in the steam injection process. Due to these
restrictions and the complexity of the design, simulators were used to predict some
design parameters. Analytical calculations were also used in the design to determine

the expected heat losses from the system.

4.1 Fine Grid Simulations

Several different commercial simulators were used to determine certain experimental
design parameters before the core holder and the experimental set-up were built. The
number of grid blocks, grid sizes and the grid system used were similar to the ones
used in the simulations described in Chapter 3.

Computer Modeling Group’s thermal simulator, STARS [17], was used to de-
termine the steam injection rate, maximum pressure change in the system and the
numbers and locations of thermocouples. For determining the numbers and loca-
tions of the auxiliary wells (injector and producer), two different commercial black
oil simulators were used (ECLIPSE [30] and IMEX [16]).

Steam injection rate, in terms of condensed water equivalent, is one of the most
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important parameters in the experimental design. The rates should be within the
laboratory pump limitations, but also high enough to overcome the heat losses from
the model, so that a steam zone can develop in a reasonable time. Four differing
steam injection rates (all of them within the pump range of 0-10 cc/min) were used
in the simulations. Figure 4.1 shows the effect on the oil recovery of changing the
steam injection rate. The highest total oil recovery was observed at the lowest rate
(1 cc/min). Furthermore steam was observed in the system even at the lowest rate.
Low rates are preferable for experimental purposes because of the timing limitations
of the CT-scanner used to measure saturations in the model. A slower displacement
rate allows saturation changes to be captured by the scanner. ‘

Pressure distributions calculated throughout the model indicate that spatial vari-
ations in pressure are extremely small, indicating that more accurate pressure trans-
ducers are required to measure the pressure differences in the system. Calculated
pressure in the inlet is 25.30 psi, and at the outlet is 25.20 psi. The pressure di-
aphragms of the transducers are thin, thus they are rated to measure a pressure
difference of less than 5 psi.

The maximum pressure observed in the simulations helped in the core holder
material selection. The core holder is made of plastic because of its transparency
to X-rays, low thermal conductivity and low thermal expansion coefficient. Metal
core holders are not as suitable for CT scanning. Thus, knowledge of the maximum
expected pressure is crucial in material selection, since plastics are limited to lower
pressures. ,

Temperatures along the core and the fracture are measured by thermocouples.
Thermocouples were placed in the model where major changes in the temperature
were predicted from simulation runs. Knowing thermocouple locations beforehand,
avoided unnecessary complications in the core holder. In essence, the most signifi-
cant changes in the calculated temperatures were observed near the matrix/fracture
boundaries.

The numbers, locations and types of wells needed to saturate the model before an
experiment, and to clean it afterwards, were determined by using commercial black

oil simulators [30, 16]. Well locations are important due to the fractures surrounding
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the core. They make it difficult to achieve an efficient and thorough displacement. It
is very easy for the cleaning fluids to flow only through the fractures and bypass the
core.

Computer Modeling Group’s black oil simulator, IMEX [16], was used for the sim-
ulations to saturate the model. The grid system again used fine gridding to simulate
the fracture around the matrix. Initially the system was 100% saturated with water
and oil was injected into the system until connate water saturation was reached in the
matrix. This is the most commonly used procedure for saturating a core with oil in
the laboratory. Both areal and cross-sectional simulations were performed. Differing
injection-production schemes were tested, as shown schematically in Fig. 4.2. There
are basically five wells in both of the configurations. In the top configuration, there
are four injectors located at the corners of the system in the fracture and one producer
in the middle of the matrix. In the other configuration, injectors and producer are
reversed (four producers and one injector).

Figure 4.3 shows the cumulative water production as a function of oil injected
for these two schemes. The configuration with four injectors at the corner and one
producer at the center gave the desired result. At the end of 1.5 PV of oil injected,
about 79% of the water in the model was displaced, and the desired (= 80%) oil
saturation in the matrix was obtained. Oil saturation maps shown in Fig. 4.4 confirm
these results. At the end of 5.5 PV of oil injection, the matrix had an oil saturation of
0.8, and fractures had an oil saturation of 1.0, with four injectors and one producer.
This is the desired initial saturation distribution. On the other hand, with four
producers and one injector, oil saturation distribution is far from the optimum.

After determining the number of wells and their locations, a sensitivity study was
made on the completion location of the producer. Completion in the middle layer
gave the best results. Figure 4.5 shows the comparison of oil recovery for two different
completion locations, at the top and in the middle. Nearly 80 % of the water has been
produced when the producer was completed in the middle. When the completion was
at the top, only 10% of the water was produced. Oil saturation maps show similar
results (Fig. 4.6). When the production well is completed in the middle, it showed

an oil saturation distribution of 80% in the matrix and 100% in the fracture. When
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Figure 4.2: Injector-producer configurations for saturation runs.
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Figure 4.3: Effect of injection-production schemes on the efficiency of the saturation
process.
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the producer was completed at the top, only the fracture at the bottom is filled 100%
with the oil, the rest of the system still has a high water saturation.

Another important design consideration is the well locations for cleaning the sys-
tem after each run. The model has to be cleaned thoroughly of oil, and resaturated
with water after each steam injection run, so that the same saturation distribution
can be achieved for the start of each run. This cleaning process should be done in-
situ without disassembling the core holder. To simulate the cleaning procedure, the
pseudo-miscible option of a black oil simulator, ECLIPSE [30], was used.

At the beginning of the simulation run, the system had the saturation distribution
similar to the end of a steam injection experiment, where oil had not been displaced
thoroughly. Mineral spirits, a solvent used in the laboratory, is injected into the
model until oil has been displaced completely. The best results were again obtained
with the configuration of four injectors at the corners and one producer in the center.

Figure 4.7 shows the cumulative oil removed as a function of solvent injected.
Nearly 100% of the oil was displaced by the solvent for the case with four injectors
and one producer. A sensitivity study on production well completion locations gave
similar results to the runs for saturating the model. A production well in the middle
layer gave the best results. Figure 4.8 shows the comparison of different completion
locations for the producer. When the producer was completed at the middle layer,
100% of the oil could be removed. Notice that, even with this configuration, over 30

PV are required to remove all the oil.

4.2 Analytical Heat Transfer Calculations

Analytical heat transfer models were used to predict the maximum expected heat
losses from the model to determine the minimum insulation thickness and to deter-
mine the time at which steady state is reached.

The reason behind using analytical heat transfer models instead of simulations
was because Joshi [48] found that it was not possible to simultaneously predict the
experimental heat loss and the displacement by simulator models. Joshi’s conclusions

are confirmed later in Chapter 8, where the simulator heat loss models, and their
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Figure 4.7: Comparison of injection-production schemes for cleaning the model.
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validity for simulating laboratory models, are discussed in some detail.
The analytical heat transfer models used for the experimental design will be dis-
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